The influence of salt concentration on acid-induced gel formation and gel properties of silver carp myofibrils was investigated. Results showed that silver carp myofibrils were slightly soluble regardless of salt concentration in the presence of D-gluconic acid-δ-lactone (GDL). The increase of myofibrils solubility in the absence of GDL was mainly caused by the dissociation of myosin and actin, as evidenced by SDS-PAGE. Myosin and actin were the major protein components involved in acid-induced aggregation of silver carp myofibrils. Ca 2+ -ATPase activity and surface reactive sulphydryl (SH) contents of myofibrils with GDL addition were much lower than those in the absence of GDL. Significant decrease in total SH content of silver carp myofibrils in the present of GDL at salt concentration of 0.3 mol/L NaCl was observed, suggesting the contribution of disulphide bonds to the acid-induced gel formation. The gel properties of acidinduced silver carp myofibril gel were highly dependent upon salt concentration, and acidified myofibril gel with high gel strength could be obtained with addition of 1.7% − 2% NaCl.
Introduction
Myofibrillar proteins (MP), accounting for about 55% to 60% of the total muscle protein, are generally referred as salt soluble protein (Sun and Holley, 2011) . Gelation is an important functional property of myofibrillar proteins, which is mainly responsible for the textural properties of surimibased products. Gel formation involves partial denaturation of protein followed by irreversible aggregation which results in a three dimensional network (Chawla et al., 1996; Sun et al., 2011; Venugopal et al., 1994) . The gel formation of proteins is influenced by several factors, such as type of muscle, protein concentration, pH, ionic strength, temperature, and pressure (Sun et al., 2011; Totosaus et al., 2002) . Among these factors, pH and ionic strength are two important factors that can affect the dissociation state and charge distribution of protein amino acid residues in the solution and can alter the protein intermolecular electrostatic interactions, and thus affect the protein molecular structure and gel properties (Lin and Park, 1998) . The nature and extent of gelation is highly pH-and salt-sensitive due to the importance of electrostatic interactions of myofibrils (Kristinsson and Hultin, 2003a) .
It is well known that salt concentration is one of the key factors in determining the gel formation of muscle protein and the physical properties of the gel. Increasing ionic strength was reported to decrease the electrostatic repulsive forces partially via charge screening at a given pH (Kristinsson and Hultin, 2003b) . Sodium chloride is the salt commonly used in restructured meat products. High concentration (2% to 3%) of sodium chloride is usually added to fish mince to solubilize the myofibrillar proteins in traditional surimibased products processing. The sodium chloride initiates the conversion of surimi into a kamaboko style gel by forming an actomyosin sol. But some others also found that solubilization of the myofibrils was not indispensable for gel formation, and muscle gels could be produced without salt (Feng and Hultin, 2001) .
Although most of muscle protein gels are formed using heat treatment, gelation of myofibrillar proteins can occur at lower pH values without heating (Chawla et al., 1996; Ngapo et al., 1996; Riebroya et al., 2009; Saunders, 1994;  Minced muscle was homogenized in 5 volumes (w/v) of 20 mmol/L Tris-HCl buffer (pH 7.5) containing 0.1 mol/L KCl. The homogenate was centrifuged at 10000g for 10 min (4 ℃) in a centrifuge (Sigma Laborzentrifugen, Model 4K15, Osterode, Germany), and the precipitate was washed twice by suspending them in 5 volumes of the same isolation buffer following the same process as above. The resulting pellets were resuspended in 10 volumes of the same isolation buffer and filtered through two layers gauze to remove connective tissues and debris, and the filtrate was centrifuged at 10000g for 10 min (4℃). The pellets were collected as myofibrils and stored on ice within 18 h before use. The protein concentration of the myofibrils was measured by the Biuret method (Gornall et al., 1949) using bovine serum albumin (BSA) as a standard.
Acidification of myofibrils Silver carp myofibrils were adjusted to 1 mg/ml protein concentration with deionized water containing 0, 0.15, 0.3, 0.45 and 0.6 mol/L NaCl, and then GDL (0.15 g/g protein) was added as powder to induce acidification. For solubility and electrophoresis analysis, silver carp myofibrils with high protein concentration (5 mg/ ml) were used. The final pH of samples with GDL addition and the control without GDL addition after 24 h of incubation at 4℃ were approximately 4.9 and 6.3, respectively.
Determination of protein solubility and protein composition Silver carp myofibrils were adjusted to 5 mg/ml protein concentration using different salt solutions containing different NaCl concentration (0, 0.15, 0.3, 0.45 and 0.6 mol/ L), and then GDL (0.15 g/g protein) was added to induce acidification. After 24 h of incubation at 4℃, the myofibril dispersions in different salt solutions were centrifuged at 8000 × g for 20 min at 4℃ in a centrifuge (Sigma Laborzentrifugen, Model 4K15, Osterode, Germany). Each supernatant was collected and the protein content in the supernatant was determined by the Biuret method (Gornall et al., 1949) using bovine serum albumin (BSA) as a standard. The solubility was expressed as percentage of quantity of protein in supernatant with respect to total protein.
To further determine the protein components involved in acid-induced aggregation under different salt concentrations, the supernatant after centrifugation was subjected to electrophoresis analysis in a vertical gel electrophoresis unit (MiniProtean-3 Cell. Bio-Rad, Richmond, CA, USA) according to the method of Laemmli (1970) , using 10% resolving gel and 4% stacking gel. The supernatant for SDS-PAGE was mixed (1:1, v/v) with the SDS-PAGE sample buffer (0.125 mol/L Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 10% βME and 0.005% bromophenol blue) and boiled for 5 min prior to electrophoresis. Electrophoresis was performed at a constant voltage of 110 V. After electrophoresis was completed, gels Venugopal et al., 1994; Venugopal et al., 2002; Xu et al., 2011; Xu et al., 2012) . Acid-induced gelation was traditionally used to make fish meat gel products, which provided products less susceptible to microbial spoilage and improved storage stability (Chawla et al., 1996; Techaratanakrai et al., 2011) . In addition, acid-induced gelation was important for textural development of fermented fish mince, which was widely consumed in parts of Southeast Asia (Riebroy et al., 2007; Riebroya et al., 2009; Xu et al., 2010) . It was observed that elastic gels could be formed at acidic pH, and the gel strength of acid-induced silver carp actomyosin gels was strongly pH-dependent (Xu et al., 2012) . D-gluconic acid-δ-lactone (GDL) as an acidulant has been widely applied in acidified gel products, which can be slowly hydrolyzed into gluconic acid in the present of water, resulting in a slow lowering in pH of the products (Alting et al., 2000; Tseng and Xiong, 2009; Xu et al., 2011; Xu et al., 2012) .
Although the effects of salt concentration on denaturation and gel properties of heat-induced muscle protein gel have been well documented (Baxter and Skonberg, 2008; Feng et al., 2001; Kristinsson et al., 2003b; Kubota et al., 2006) , few studies have been conducted about the influence of salt concentration on acid-induced gelation and gel properties of muscle protein. Understanding the influence of salt concentration will enable to better control product quality and facilitate development of meat products with desirable textural characteristics. The objective of present study was therefore to determine the influence of salt concentration on protein aggregation and gel formation of myofibrils from silver carp (Hypophthalmichthys molitrix), a low value and abundant fish species in China, under acidic conditions using GDL to induce acidification.
Materials and Methods
Materials Live silver carp (2 − 3 kg each fish) were purchased from a local market (Wuxi, Jiangsu, China), and brought back alive to the laboratory within 30 min. On arrival, the live fish was immediately headed, gutted and washed with water. The washed fish flesh was used for myofibrils preparation within 2 h. Sodium dodecyl sulfate (SDS), β-mercaptoethanol (βME), N, N, N', N'-Tetramethyl ethylene diamine (TEMED), 5, 5'-dithio-bis (2-nitrobenzoic acid) (DTNB) and adenosine 5'-triphosphate (ATP) were purchased from Sigma (St Louis, MO, USA). All other chemicals were of analytical grade and purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China).
Preparation of myofibrils Myofibrils were extracted from silver carp dorsal muscle as described by Takahashi, Takahashi and Konno (2005) with slight modification. was performed using SPSS 11.0 (SPSS Inc., Chicago, Illinois, USA). Significant differences were defined at P < 0.05. Comparisons of group means were obtained using Duncan's multiple range test.
Results and Discussion
Protein solubility and protein composition The hydrophobic effects and ion binding are the main factors to affect the protein solubility. Proteins are soluble when electrostatic repulsion between proteins is greater than hydrophobic interactions (Mohan et al., 2007) .
As shown in Fig. 1 , salt concentration has a significant effect on protein solubility of silver carp myofibrils in the absence of GDL. The protein solubility exhibited an initial reduction and then increased dramatically with increasing NaCl concentration up to 0.45 mol/L, and followed by a slight decrease when the NaCl concentration was further increased to 0.6 mol/L. This is in accordance with the results reported by others (Lin et al., 1998) . At low NaCl concentration of 0.15 mol/L, the salt ions non-specifically bound with oppositely charged protein and screened partially the protein surface charges, resulting in weakening the electrostatic repulsion between the protein molecules and lower solubility. The further increase in salt concentration allowed proteins to be adsorbed by more salt ions with opposite charge which increased the hydration of the protein molecules resulting in increased solubility of proteins (Lin et al., 1998) . When the salt concentration is too high, salting-out occurred due to the loss of a stable hydrophilic surface and the greater hydrophobic interaction between the exposed hydrophobic groups (Baxter et al., 2008) . The dissociation of myosin thick filament into soluble monomer state is the premise of the formation of ordered three-dimensional gel network structure (Lin et al., 1998) . When the GDL was added, the protein solubility was less soluble, and kept at low values regardless were stained with 0.125% Coomassie Brilliant Blue R-250 in 25% methanol and 10% acetic acid. Destaining was performed using 40% methanol and 10% acetic acid.
Determination of Ca 2+ -ATPase activity According to the method of Ooizumi and Xiong (2004) , Ca 2+ -ATPase activity was assayed in the medium of 25 mmol/L Tris-maleate, pH 7.0, 5 mmol/L CaCl 2 , 0.5 mol/L KCl, 1 mmol/L ATP, and 0.2 mg/ml proteins. After reaction at 25℃ for 10 min, equal volume of 15% (m/v) trichloroacetic acid (TCA) was added to stop the reaction. The reaction mixture was subsequently centrifuged at 3500g for 5 min and the quantity of inorganic phosphate released was measured according to the method of Fiske and Subbarow (1925) . The Ca 2+ -ATPase activity was expressed as μmole inorganic phosphate/mg protein/10 min. Determination of sulphydryl (SH) content Total and surface reactive SH contents were determined using DTNB according to the method of Ellman (1959) , as modified by Chen, Hwang and Jiang (1989) . For total SH content determination, 1 ml of myofibril sample (1 mg/ml) was added to 4 ml of 50 mmol/L sodium phosphate buffer (pH 6.8) containing 0.6 mol/L KCl, 10 mmol/L ethylenediaminetetraacetic acid (EDTA) and 8 mol/L urea. To 4 ml of the resultant mixture, 0.4 ml of 0.1% (m/v) DTNB was added and the resulting mixture was incubated at 40℃ for 25 min. The absorbance was measured at 412 nm to calculate the total SH content using the extinction coefficient of 13,600 mol -1 L cm -1 .
Surface reactive SH content was determined by incubating the myofibril solution in the absence of urea at 5℃ for 1 h. Surface reactive SH content was calculated as above. Both total and surface reactive SH contents were expressed as moles per 10 5 g of protein.
Texture analysis For preparation of acid-induced silver carp myofibril gels, myofibrils (50 mg/ml) were ground with increasing amounts of NaCl to obtain different final NaCl concentration of 0, 0.15, 0.3, 0.45 and 0.6 mol/L. The obtained myofibril suspensions (20 g each) were poured into glass tubes (25 mm i.d. × 50 mm length), and then added with GDL (0.15 g/g protein) to induce gel formation. The final pH of the samples added with GDL after 24 h of incubation at 4℃ was approximately 4.9.
For texture analysis, silver carp myofibril gels in the glass tubes were penetrated with a spherical plunger (5 mm diameter) using a Universal TA-XT2i texture analyzer (Stable Micro Systems, Surrey, UK). Crosshead speed was 60 mm/ min, and a 25 kg load-cell was used. Breaking force (g) and deformation (mm) at fracture were recorded. All determinations were performed in triplicate.
Statistical analysis The experiments were performed at least in triplicate and averaged. One-way analysis of variance Acid-induced Gelation as Affected by Salt 4.9 by GDL, the MHC bands totally disappeared and only a small amount of actin still remained at NaCl concentration higher than 0.15 mol/L, suggesting that most solubilized myosin and actin aggregated into precipitate under mild acidic conditions. This was because that repulsion forces were effectively reduced during acidification, which allowed proteins to come close together to form aggregates and precipitate. The results may also suggest that myosin and actin were the major protein components involved in acid-induced aggregation. It was noted that no noticeable changes in the intensity of tropomyosin bands at different salt levels in the presence of GDL, indicating that the tropomyosin was not involved in acid-induced aggregation and precipitation of silver carp myofibrils. Ca
2+
-ATPase activity Denaturation is usually prerequisite for gel formation of myofibrils. Ca 2+ -ATPase activity was normally used as an index of myosin denaturation (Riebroya et al., 2008) . Monitoring of Ca -ATPase activity of silver carp actomyosin with increasing incubation time in the presence of GDL was observed in our previous study (Xu et al., 2012) . It was reported that the two globular heads in myosin were responsible for ATPase activity (Leelapongwattana et al., 2005; Park et al., 2006) . The reduction in Ca 2+ -ATPase activity could indicate that the myosin head structure of NaCl concentration in the range of 0 − 0.6 mol/L. This was probably due to the decrease in electrostatic repulsion between proteins by lowering in pH with GDL, causing aggregation and precipitation of proteins. Myofibrillar proteins mainly consist of myosin, actin, and other protein components. To indentify the contribution of the individual protein components to acid-induced aggregation of myofibrils under various salt concentrations, the solubilized proteins were further analyzed by electrophoresis. As shown in Fig. 2 , significant changes occurred in electrophoretic patterns of myofibrils solubilized in salt solution at different NaCl levels in the absence of GDL. Myosin heavy chain (MHC) band was absence at NaCl concentration of 0.3 mol/L or less. But actin, troponin-T, tropomyosin remained at a small amount without salt addition. It was because that the myofibrils are still structured and not solubilized at these low NaCl concentrations. It was expected that most of water-soluble protein components could be removed during preparation of myofibrillar proteins. The intensity of MHC and actin bands simultaneously increased as the NaCl concentration was raised from 0.30 to 0.45 mol/L, suggesting that myosin and actin started to be extracted when the NaCl concentration was increased to 0.3 mol/L, and seemed totally solubilized in 0.45 mol/L NaCl solution, which was in good agreement with protein solubility analysis (Fig. 1) . Myosin aggregated and assembled into insoluble filaments when it existed in low ionic strength media and neutral pH. The dissociation of filament into monomer could contribute to the improved solubility of myofibrillar proteins at higher levels of NaCl. Similar results were observed for shellfish myofibrillar proteins by others (Katayamai et al., 2002) .
When the pH of myofibrillar proteins was reduced to concentration to 0.3 mol/L, followed by an increase when NaCl concentration was further increased to 0.45 mol/L. The increase in reactive SH groups suggested possible structural changes in the head region of myosin (Mohan et al., 2007) . Exposing of more surface reactive SHs was observed during acidification (Riebroya et al., 2008) . As shown in Fig. 4 , a significant decrease in total SH content under acidic conditions regardless of salt concentration was observed, and the lowest value was obtained at NaCl concentration of 0.3 mol/L. However, no significant changes in total SH contents were observed for myofibrils without GDL addition with increasing salt concentration. The decrease in total SH content was resulted from the formation of disulphide bonds through oxidation of SH groups or disulphide interchanges (Riebroya et al., 2008; Riebroya et al., 2009; Visessanguan et al., 2000) . These results suggested that disulphide bonds were involved in the acid-induced aggregation of silver carp myofibrils. A slight decrease in total SH content of silver carp actomyosin was observed during acidification with GDL in our previous study (Xu et al., 2012) . The formation of disulphide bonds during acidification of actomyosin and myosin from Atlantic cod and burbot was also reported by others (Riebroya et al., 2008; Riebroya et al., 2009) . The decreased electrostatic repulsive forces with decreasing pH intensified the contact of free SH groups on the surface of the proteins, which promoted disulphide bonds formation (Cavallieria and da Cunha, 2008) .
Textural properties As shown in Fig. 5 , both breaking force and deformation of acidified myofibril gels increased with increasing salt concentration, and reached the highest values at NaCl concentration of 0.3 mol/L. Further increasing NaCl concentration caused a slight decrease in both breaking force and deformation. It was noted that the control samples had undergone significant change (Leelapongwattana et al., 2005; Park et al., 2006) . The present results indicated that salt concentration and pH could affect the stability of the molecular structure of myosin. The higher salt concentration or lower pH may lead to large changes of myosin head structure, resulting in the decline of the Ca 2+ -ATPase activity. Total and surface reactive SH contents Changes in total and surface reactive SH contents of silver carp myofibrils without and with GDL addition at different salt concentrations are shown in Fig. 4 . The surface reactive SH content increased slowly with increasing NaCl concentration in the absence GDL, indicating the unfolding of myosin with increasing salt concentration, which caused the exposure of SH groups buried in the interior of native protein to the molecular surface. This is in agreement with the results of Ca 2+ -ATPase activity (Fig. 3) . While, when GDL was added, the surface reactive SH content decreased with increasing NaCl Acid-induced Gelation as Affected by Salt without GDL addition could not form gel after 24 h of incubation at 4℃. The results showed that salt content in surimi had a significant influence on gel strength of acid-induced silver carp myofibril gel. The results suggested that 1.7% − 2 % NaCl may be required for silver carp myofibrils to form acid-induced gel with superior gel strength. The higher gel strength of acid-induced myofibril gels was at least partially due to the formation of disulphide bonds, as evidenced by the reduction in total SH content in the presence of GDL (Fig. 4) . The pH lowering produces enough protein denaturation to cause interactions and the formation of a network structure (Totosaus et al., 2002) . Kubota et al. (2006) found that breaking force of heat-induced walleye pollock (Theragra chalcogranmma) surimi increased with increasing salt concentration, and reached the maximum breaking force at 3% sodium chloride. It was reported that 1.7% − 3.5% NaCl is usually required for surimi to form an adequate gel with heating (Lin et al., 1998) . At that salt concentration, myosin molecules were released from thick filaments of myofibrils and dispersed in the solution as monomer, from which an ordered three dimensional gel network was formed upon heating (Lin et al., 1998) .
Conclusions
Salt concentration had significant influence on acidinduced silver carp myofibril structural changes and gel formation. Addition of appropriate amount of salt to make silver carp myofibrils solubilization was necessary to induce gel formation under acidic condition. Disulphide bonds partially contributed to the acid-induced gel formation of silver carp myofibrils. 1.7% − 2% NaCl may be required for silver carp myofibrils to form acid-induced gel with excellent gel properties.
